During insect metamorphosis, the steroid hormone ecdysone activates programmed cell death of larval tissues and the further development of adult tissues. Recent studies suggest that the E93 gene is both necessary and sufficient to target tissues for ecdysoneinduced apoptosis.
It is obvious when looking at a mature organism that it is the product of a series of cellular divisions and differentiation events. What is equally important, but less apparent, is that it is also the product of a highly regulated series of cell deaths. Nowhere is this more dramatically demonstrated than in the metamorphosis of holometabolous insects, where the majority of larval tissues undergo a carefully orchestrated death as the imaginal tissues take their place to form the adult insect. Two recent papers [1, 2] have expanded our understanding of this process by dissecting the molecular genetic mechanisms through which the hormonal triggers of metamorphosis direct the stage-and tissue-specific activation of cell death programs.
In 1965, Lockshin and Williams [3] coined the term 'programmed cell death' to describe the degeneration of intersegmental muscles during silkworm metamorphosis. Programmed cell death, or apoptosis, provides an important mechanism for eliminating excess, obsolete or damaged cells, and is an essential part of normal development in a wide range of multicellular organisms [4] . Genetic dissection of cell death programs has identified conserved elements of a core cell-death pathway, as well as an understanding of how these proteins bring about the destruction of a cell. While many signaling pathways have been shown to regulate apoptosis, the mechanisms through which these signals are integrated to elicit stageand tissue-specific cell death are only beginning to become clear. Experimental investigation of cell death during insect metamorphosis has provided new insights into the mechanisms by which a hormone, in this case the steroid hormone 20-hydroxyecdysone, hereafter referred to as ecdysone, induces death in some tissues while simultaneously promoting the further development of others.
Studies on gene expression during Drosophila metamorphosis have led to a detailed molecular understanding of the genetic regulatory hierarchies that underlie the ecdysone response [5] . Ecdysone acts through a heterodimeric receptor composed of the Ecdysone Receptor (EcR) and Ultraspiracle (Usp), the Drosophila homologue of the vertebrate nuclear hormone receptor partner RXR [6] . Binding of ligand to the receptor leads to the activation of characteristic sets of early response genes; at the larvalto-prepupal transition, for example, ecdysone induces the expression of a small group of genes including BroadComplex (BR-C), E74 and E75. These genes encode transcription factors which, in turn, drive the expression of late genes, while attenuating early gene expression [5] . The subsequent drop in the ecdysone titer during the midprepupal period is accompanied by increased expression of βFTZ-F1 [7] , an orphan receptor of the nuclear hormone receptor superfamily. As the ecdysone titer again increases in late prepupae, βFTZ-F1 expression decreases and BR-C, E74 and E75 are re-induced [7] . In addition, a few stagespecific early response genes, typified by E93 [8] , are induced in the late prepupal ecdysone response (Figure 1 ).
The high titer ecdysone pulse in late third instar larvae triggers puparium formation. Prepupal morphogenesis of adult legs and wings occurs during this period, as does the death of the larval midgut. Ten to twelve hours later, a second ecdysone pulse drives the prepupal to pupal transition. This phase is accompanied by head eversion and the histolysis of the larval salivary glands. The primary signal that triggers destruction of larval tissues at the onset of metamorphosis has long been presumed to be ecdysone. Death of these tissues may be postponed significantly by genetic or surgical interruption of ecdysone production, and mutations affecting the response to ecdysone similarly disrupt cell death [9] [10] [11] . Recent work has provided insight into the mechanisms through which ecdysone affects the genetic programs underlying cell death.
Ecdysone appears to regulate several types of cell death gene, including representatives of three key classes: activators, effectors and inhibitors. The activators head involution defective (hid), grim and reaper (rpr), are required for programmed cell death during embryogenesis. Expression of these genes often foreshadows death, and ectopic expression is sufficient to induce apoptosis in a wide range of cell types [12] . The process of apoptosis is dependent upon effectors known as caspases, members of a family of cysteine proteases. Sequence analysis predicts that seven caspases are encoded by the Drosophila genome [13] . Once activated, these proteases degrade numerous cellular proteins, while also activating additional pro-apoptotic proteins. Examination of Drosophila genomic sequence also has uncovered genes encoding proteins similar to viral inhibitors of apoptosis, including Drosophila inhibitor of apoptosis-1 (diap1) and Drosophila inhibitor of apoptosis-2 (diap2) [13, 14] . The proteins encoded by these genes bind to caspases and inhibit their activity. The Hid, Grim and Rpr proteins trigger apoptosis by disrupting the interaction between DIAPs and caspases, thereby promoting the activation of the latter proteases [15] [16] [17] .
The most recent studies [1, 2] reveal, for the first time, the molecular links between the primary hormonal signal and these regulators of cell death, suggesting that ecdysone response simultaneously triggers down-regulation of the cell death inhibitors and up-regulation of the cell death activators. Regulation of cell death genes appears to occur both directly and indirectly via a complex regulatory network of ecdysone response genes (Figures 1,2) . The down-regulation of cell death inhibitors appears simplest, at least for now. Expression of diap2 in salivary glands increases at the start of the prepupal-pupal transition in apparent response to the mid-prepupal rise in βFTZ-F1 expression [1, 18] . Shortly after the late prepupal ecdysone pulse, diap2 expression levels fall; repression of diap2 by ectopic expression of either E75A or E75B suggests that the late prepupal pulse of E75 expression is likely to be responsible for the decline of diap2 expression. At the same time, ecdysone leads to the induction of both cell death activators [1] and the caspase gene dronc [19] .
Molecular dissection of rpr expression has shown that a 1.3 kilobase region sufficient for proper temporal expression of the gene in salivary glands contains an EcR-Usp binding site essential for its induction [1] . Mutations in BR-C or E74, however, also disrupt the normal expression of rpr and hid in salivary glands, suggesting that multiple ecdysone response genes, acting directly or indirectly, regulate the expression of the activators and effectors of apoptosis. Interestingly, these key ecdysone response genes, BR-C, E74 and E75, are expressed earlier during salivary gland development and at metamorphosis in other tissues not destined to die. Thus, while these genes appear to be necessary for induction of the cell death program, they are not sufficient. What might provide the key signal sealing the fate of a larval tissue such as the salivary gland?
The recent study of Lee et al. [2] suggests that E93 may be the critical regulator of ecdysone-induced salivary gland apoptosis. The expression of E93 during the late prepupal ecdysone pulse resembles that of other early response genes; E93 is directly induced by ecdysone and its maximal expression is dependent on BR-C [8] . Unlike BR-C, E74 and E75, however, E93 exhibits no response to the late larval ecdysone pulse. E93 also displays a unique and complex tissue-specific response that is well-correlated with impending programmed cell death. E93 encodes a novel protein with structural features reminiscent of other Drosophila transcription factors. Antibodies directed against E93 showed that it localizes to the nucleus, and E93 protein reproducibly binds to sixty-five sites on polytene Dispatch R831
Figure 1
Gene expression during Drosophila metamorphosis. Changes in the ecdysone titer are transduced into waves of gene expression. The ecdysone pulse that marks the larval-to-prepupal transition induces the expression of early response genes including BR-C, E74 and E75. Early gene expression gives way to late gene expression, which is in turn followed by mid-prepupal gene expression typified by βFTZ-F1. A second high titer ecdysone pulse marks the prepupalto-pupal transition and results in the reinduction of BR-C, E74 and E75. Additional early genes, including E93, are expressed in response to this specific ecdysone pulse. The gene diap2, which encodes a cell death inhibitor, is also expressed during this time, apparently in response to the mid prepupal pulse of βFTZ-F1. A short time later, diap2 is repressed and expression of the pro-apoptotic genes rpr and hid is observed. Green fluorescent protein (GFP) labeled larval salivary glands (top) illustrate the histolysis that this tissue undergoes during metamorphosis (GFP images graciously provided by Carl Thummel). 
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chromosomes. Many of these sites correspond to ecdysoneregulated genes or genes involved with apoptosis, but rpr and hid are conspicuously absent from this directory of potential targets [2] .
Mutations in the E93 gene result in early pupal lethality, marked by the persistence of larval salivary glands and defects in midgut histolysis [2] . These mutants show numerous defects in gene expression during the late prepupal ecdysone response. Expression of the early genes BR-C, E74B and E75A is significantly reduced in the mutants, as is expression of genes encoding the cell death activators Rpr and Hid and the caspase Dronc, presumably as an indirect effect of the reduced early gene expression. As a final test of the role of E93 in targeting cells for death, E93 was ectopically expressed in a tissue not normally undergoing apoptosis in response to ecdysone: E93 expression in imaginal wing discs was found to be sufficient to induce cell death in this tissue as well [2] .
The expression of E93 in the late larval midgut prior to the onset of its programmed cell death further suggests that E93 may serve as a key signal for cell death in many larval tissues. Previous studies have implicated βFTZ-F1 as a competence factor for ecdysone induction of E93 expression in the late prepupal salivary gland [7] . Further study will be needed to dissect the mechanisms underlying tissue-specificity of E93 expression and to determine whether βFTZ-F1 is similarly involved in permitting the earlier induction of E93 in the late larval midgut.
While these studies demonstrate the critical role of E93 in regulating cell death at the onset of metamorphosis, several questions with respect to the specific mechanisms remain. Insofar as E93 regulation of known cell death activators appears to be indirect, and mediated by factors also expressed in tissues not destined to die, it is not yet apparent how E93 trips the switch. Does E93 act primarily to drive the activity of other early ecdysone-responsive regulatory genes to required threshold levels, or does E93 stimulate the expression of other, perhaps as yet unidentified, factors that work in concert with the early genes to induce cell death? Might ectopically expressed E93 be sufficient to bypass the requirement for these early genes, or even for the known activators, which appear not to be required for some forms of programmed cell death in Drosophila [20] ?
Teasing apart the complex epistatic relationships and determining the specific requirements for these genes in various larval tissues will require some new genetic trickery; the powerful techniques that allow the generation of mitotic clones in imaginal tissues are unfortunately unavailable in larval tissues, which continue DNA replication but cease cytokinesis early in development. New approaches potentially allowing tissue and stage-specific gene inactivation by RNA interference [21] may provide just the tools needed to apply the full power of Drosophila genetics to this important and interesting problem. Proposed genetic hierarchy regulating programmed cell death in larval salivary glands. The late larval ecdysone pulse induces the expression of BR-C, E74 and E75; the products of these genes in turn regulate expression of late genes appropriate for this stage. Expression of βFTZ-F1 in the mid prepupal period results in the induction of E93 and cell death programs by the late prepupal ecdysone pulse. E93 is required for the normal transcription of E75, E74 and BR-C, as well as rpr, hid and other cell death genes. BR-C cooperates with EcR-Usp and E74 to induce the expression of rpr and hid, respectively. Expression of diap2 is induced by βFTZ-F1 and subsequently repressed by E75.
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